Abstract. Previous studies identified the frequent loss of adherens junction-associated protein 1 (AJAP1) expression in glioblastoma (GBM) and its correlation with worse survival. AJAP1 may suppress glioma cell migration, which plays an important role in tumor progression in malignant gliomas such as GBM. However, the role of AJAP1 in cell cycle arrest or apoptosis and resistance to chemotherapy remains unclear. Based on microarray screening results, quantitative PCR and luciferase plasmid reporter constructs were used to evaluate the possible regulatory role of AJAP1 on MAGEA2 expression and function. Cell death assays, TUNEL and other markers of apoptosis were utilized to detect cell apoptosis. Restoration of AJAP1 expression in glioma cells was analyzed after temozolomide exposure. AJAP1 suppressed the expression of MAGEA2 and inhibited the transcriptional activity of MAGEA2 in glioma cells. As AJAP1 expression decreased MAGEA2 protein expression apoptosis increased moderately. Consistent with increased cell death, the induced loss of MAGEA2 expression correlated with increased caspase 3/7 activity, BCL2/BAX ratio and TUNEL signal. AJAP1 expression enhanced cell death in the presence of temozolomide. This study suggests AJAP1 may also function as a pro-apoptotic factor and potentiate cell death by temozolomide in glioma cells. This effect may be partially explained by AJAP1-mediated gene regulation of MAGEA2.
Introduction
Glioblastoma multiforme (GBM) remains one of the most common and biologically aggressive tumors in adults. Despite standard therapeutic protocols, which include maximal surgical resection followed by regional fractionated radiation and chemotherapy with temozolomide, the prognosis of patients with GBM remains dismal, with median survival of less than 15 months (1). As they are invariably fatal due, in part, to resistance to postsurgical therapy, identification of genetic alterations which can predict efficient management and areas of targets for therapy are continuously being sought (2, 3) .
A broad range of human malignancies is associated with non-random 1p36 deletions, suggesting the existence of tumor suppressors encoded in this region (4) . Allelic loss involving 1p36 is a common chromosomal aberration observed in oligodendroglioma and has been associated with radiation and chemosensitivity, as well as enhanced tumor infiltration (5) . We recently discovered the frequent loss of expression of adherens junction-associated protein 1 (AJAP1) in GBM via multiple genome-wide studies. Located on 1p36, AJAP-1 may have tumor suppressor-like qualities and may play an important role in regulation of cell migration and adhesion (6) . However, the role of AJAP1 in cell cycle arrest or apoptosis and resistance to chemotherapy remain largely unexplored.
Temozolomide (TMZ) is the first-line chemotherapeutic drug agent for GBM with excellent CNS bioavailability (7, 8) . It is an alkylating cytostatic drug, which causes DNA damage and induces cell death. However, clinical response toward TMZ is generally short-lived, possibly due to multiple factors such as tumor cell heterogeneity, resistant glioma stem cells, rapid transformation, genetic instability and selective pressures (9, 10) . The available data suggest that neither MGMT protein expression levels nor MGMT promoter methylation status is a sufficiently accurate predictor of the sensitivity of the glioma cells to TMZ (11) . More recently, further studies indicated that additional pathways, such as activation of DNA damage checkpoint responses and the changes in mitochondria DNA and electron transport chain may contribute to TMZ resistance (12, 13) . Therefore, the intrinsic and acquired resistance towards TMZ makes it crucial to find new therapeutic strategies aimed at improving the prognosis of patients suffering from GBM. In the present study the concomitant treatment of GBM cells with AJAP1-restoration and TMZ in overcoming TMZ resistance was investigated.
MAGEA2 protein induces a novel p53 inhibitory loop involving recruitment of histone deacetylase 3 (HDAC3) to a MAGEA2-p53 complex (14) . This complex formation strongly downregulates the p53 transactivation function in melanoma without changing p53 expression levels (15) . Other data suggest potential involvement of MAGEA family proteins in modulating cell survival (16) . The correlation between MAGEA2 expression and resistance to apoptosis has been validated in various kinds of tumors partly through its interaction with the p53 pathway, where high MAGEA2 levels reestablish p53 response and increase chemoresistance (17) (18) (19) . In this study, we investigated AJAP1 function in the induction of cell apoptosis and potentiation of TMZ-induced apoptosis in glioma cells through the transcriptional downregulation of MAGEA2.
Materials and methods
Cell culture and drug treatments. HEK293, U87MG, U251MG, D373MG and D409MG cells were maintained in DMEM -High Glucose medium (Gibco, Carlsbad, CA, USA) supplemented with 10% FBS (Gibco) and incubated in a humidified incubator at 37˚C with 5% CO 2 . U87MG, U251MG, D373MG and D409MG cells were previously stably transfected with the GFP-AJAP1 plasmid (6) . Similar cells were also transfected with GFP-N1 vector using identical transfection techniques to be used as a control. Clones were maintained in 100 µg/ml geneticin. For temozolomide (TMZ) studies, glioma cells were seeded in 10 cm round Petri dishes, 24-or 96-well plates, allowed to attach overnight, then treated with 100 µM temozolomide (TMZ, Sigma-Aldrich Co., St. Louis, MO, USA) for 48 h. In control groups, the same concentration of dimethyl sulfoxide (DMSO) was used to treat cells. Fresh drug and medium were changed every 24 h.
RNA preparation and GeneChip array assay. GBM cell lines (D373) stably expressing GFP-N1 (vector control) or GFP-AJAP1 were assessed for their gene expression profile using a high-density oligonucleotide array (GeneChip Human Genome U133 Plus 2.0 Array; Affymetrix, Santa Clara, CA, USA). Total RNA was extracted from freshly prepared confluent cells. cDNA was generated from the total RNA using Qiagen's RNeasy system (Quiagen, Valencia, CA, USA), then fragmented and hybridized to a DNA oligonucleotide expression array (Affymetrix Human Genome U133A 2.0 Array). The hybridized probe array was washed and stained following the manufacturer's instructions. The probe array was then scanned with a confocal laser scanner (GeneChip Scanner 3000; Affymetrix). The expression array analysis for each cell line was run in triplicate. The expression level of each gene (22, 277 probe sets for approximately 14,500 human genes) was calculated to identify discriminative genes by Partek (St. Louis, MO, USA).
Real-time quantitative RT-PCR. Quantification of ten candidate genes was performed to confirm Affymetrix data by the real-time quantitative reverse transcription-PCR method. Total RNA was extracted from GBM cell lines as described previously. The real-time PCR reaction mixture was prepared using a TaqMan Universal Master Mix (Applied Biosystems, Foster City, CA, USA), consisting of 120 nM of primer, 200 nM probes, and 2.5 µl of cDNA sample. PCR conditions were as follows: 95˚C for 10 min; 45 cycles at 95˚C for 30 sec, 62˚C for 30 sec, and 72˚C for 30 sec, then 72˚C for 1 min. Each reaction was run in triplicate, and we generated a standard curve for each probe using serial dilutions from reference cDNA to quantify relative gene expression. The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was used as an endogenous reference, and each sample was normalized to its GAPDH content.
Isolation of the proximal promoter of the human MAGEA2 gene and plasmid construction. The region of the human MAGEA2 gene 986 bp upstream (-896 to +90), containing the complete proximal promoter regulatory elements, was amplified by PCR from genomic DNA. The primer pairs were MAGEA2 5'-GGG GTA CC accaaaggtttgccaagtgtag-3' with a KpnI site at the 5'-end and MAGEA2 5'-CCC AAG CTT ctgccctggtcacacaaag-3' with a HindIII site at the 5'-end. The PCR was conducted at 95˚C for 1 min followed by 30 cycles at 95˚C for 30 sec, 58˚C for 1.5 min, 72˚C for 1 min. The amplified fragment was isolated and purified following agarose electrophoresis using a Gel Extract Kit (Thermo Scientific, Rockford, IL, USA), digested with KpnI and HindIII (New England Biolabs, Ipswich, MA, USA), and ligated into the equivalent sites of the pGL3-enhancer vector (Promega, Madison, WI, USA) to generate the pGL3-MAGEA2 construct. The resulting construct was confirmed by restriction enzyme analysis and DNA sequence analysis. Dual-luciferase reporter assays. Twenty-four hours after transfection, the activities of firefly luciferase in pGL3-constructs and Renilla luciferase in pRL-CMV were determined by the dualluciferase reporter assays following manufacturer's protocol (Promega). The cells were rinsed with PBS, and lysed with 1Χ passive lysis buffer. A total of 20 µl of cell lysate was transferred into the luminometer plates containing 100 µl luciferase assay reagent II. Firefly luciferase activity was measured first, and then Renilla luciferase activity was measured after the addition of 100 µl Stop & Glo Reagent. Results were expressed as a ratio of firefly luciferase activity to Renilla luciferase activity.
Western blot analysis. Cultured cells were harvested by scraping in ice-cold PBS and spun down at 2,500 rpm in a 4˚C centrifuge for 5 min. Cell pellets were then lysed in lysis buffer (25 mM Tris pH 7.4, 150 mM NaCl, 1% NP-40, 1 mM EDTA, 5% glycerol) containing 1% of protease inhibitor cocktail (Thermo Scientific). Protein concentration was determined by standard BCA assay (Pierce, Thermo Scientific), and total cell lysates were separated by electrophoresis 10% precast poly-acrylamide gel (Bio-Rad, Hercules, CA, USA). Gel loading was normalized for equal GAPDH (25 µg protein per lane). Proteins were then transferred onto Hybond-P polyvinylidene difluoride membranes (Amersham Biosciences, Piscataway, NJ, USA), and the membranes were probed with each antibody. Rabbit polyclonal anti-MAGEA2 (1:100), rabbit monoclonal anti-Bcl2 (1:2000) and rabbit polyclonal anti-Bax (1:1,000) were obtained from Abcam Biotechnology. Rabbit polyclonal anti-AJAP1 (1:2000) was obtained from Sigma-Aldrich Co. Rabbit monoclonal anti-GAPDH (1:1,000) and chicken anti-rabbit IgG-HRP (1:2,000) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Immunoblots were detected using a Supersignal West Femto substrate kit (Thermo Scientific) and visualized by autoradiography.
Caspase 3/7 activity assay. A total of 10 4 U87 MG cells and U251 MG cells overexpressing AJAP1 or control (GFP-N1) were seeded into 96-well plates overnight. Room temperature Caspase-Glo 3/7 Reagent (100 µl) was added to each well of a white-walled 96-well plate containing 100 µl of blank, DMSO (negative control) cells or TMZ treated cells in culture medium. Wells were gently mixed on a plate shaker at 500 rpm for 30 sec, incubated at room temperature for 1 h, then luminescence measured in a plate-reading luminometer.
Confocal TUNEL assay. A total of 10 5 cells were seeded onto 12-mm poly-L-lysine coated coverslips placed in the bottom of 24-well plates. After treatment, cells were fixed with 4% paraformaldehyde for 1 h at room temperature. After incubating in 0.1% Triton X-100 for 2 min on ice, a terminal deoxynucleotidyl transferase-mediated dUTP nick-end labelling (TUNEL) reaction solution containing TMR red-labeled nucleotides (Roche, Mannheim, Germany) was added. Transferase was excluded in identical mixtures as negative control. Slides were placed in a humidified atmosphere overnight at 4˚C in the dark, rinsed with PBS three times, then cover slips were mounted in mounting medium with counterstaining cell nuclei using 4',6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, CA, USA) overnight. Using an excitation wavelength in 540 nm and detection in 620 nm, confocal images were taken with a microscope (Zeiss 780 upright confocal; Carl Zeiss, Göttingen, Germany). Images were collected using the Laser-Sharp 2000 software.
Statistical analysis. All experiments were done in triplicate. Statistical significance was set at P<0.05. Analyses were done with Microsoft Excel and SAS E-guide statistical packages (SAS Inc., Cary, NC, USA).
Results

Identification of AJAP1-associated gene changes that may augment TMZ-induced cytotoxicity.
To investigate the possible transcriptional regulatory role of AJAP1, microarray-based gene expression analysis of GBM cell lines (D373) stably expressing EGFP-N1 (vector control) or EGFP-AJAP1 identified a set of novel candidate genes being upregulated or downregulated following AJAP1 overexpression (Fig. 1A) . MAGEA2 was identified as a likely candidate that may alter cytotoxicity responses. The fold change in MAGEA2 (116.931-fold decrease) was one of the most significant in the genome after AJAP1 overexpression (Table I) . Quantitative real-time PCR analyzed MAGEA2 in U87, U251, D373MG and D409MG cells stably transfected with EGFP-AJAP1 or EGFP-N1 plasmid to validate the microarray findings. MAGEA2 expression was decreased in all AJAP1 positive glioma cell lines tested in triplicate (Fig. 1B) , as demonstrated by western blot analysis (Fig. 1C) .
Construction of the luciferase reporter plasmid with the MAGEA2 gene promoter. Promoter fragment (1 kb) of the MAGEA2 gene was amplified by PCR and inserted into a pGL3-enhancer vector to form the MAGEA2 promoter-luciferase reporter plasmid designated as pGL3-MAGEA2 (Fig. 2A) . The recombinant plasmid was confirmed by double restriction enzyme digestion (Fig. 2B ) and DNA sequence analysis. A significant increase (over 24-fold greater, P<0.01, Fig. 2C ) in relatively luciferase activity was observed in HEK293 cells co-transfected PGL3-MAGEA2 compared with vector control. Thus, the recombinant PGL3-MAGEA2 luciferase reporter plasmid was determined to be able to drive the luciferase expression.
AJAP1 transcriptional downregulated the expression of MAGEA2.
To explore the effects of AJAP1 on MAGEA2 gene expression, HEK293 cells were harvested 24 h after co-transfection with pGL3-MAGEA2 and EGFP-AJAP1. The control cells were co-transfected with pGL3-MAGEA2 and GFP-N1 plasmid. The MAGEA2 promoter activity was considerably blocked (78.7%, P<0.01) in HEK293 cells with GFP-AJAP1 co-transfection, compared with control cells (Fig. 3A) . To further confirm the transcriptional relation- ship between AJAP1 and MAGEA2, glioma cell lines stable expressing AJAP1 gene or empty vector were transfected with pGL3-MAGEA2. We observed a significant decrease (20.5% in U87 AJAP1 cells, P<0.05; 56.8% in U251 AJAP1 cells, P<0.05) in relative luciferase activity, compared with respective vector cells (Fig. 3B) . These data support that expression of AJAP1 repressed MAGEA2 expression by physical interaction with the MAGEA2 gene promoter.
AJAP1 moderately induces cell apoptosis in GBM cells.
The decrease in Bax/Bcl-2 ratio is thought to contribute to the resistance of glioma cells to therapy by modulating the apoptotic cascade (20) . In this study, we measured the levels of Bax and Bcl-2 by western blot analysis to detect the putative pro-apoptosis function of AJAP1. We observed 39.6 and 42.2% increase in Bax/Bcl-2 ratio in cells overexpressing AJAP1, compared to the control cells (P<0.05) (Fig. 4A and B) . Caspase proteins are cysteine proteases that act downstream of the Bcl-2 family by initiating cellular breakdown during apoptosis (21) . Among the effector caspases, caspase-3/7 is most frequently involved in tumor cellular apoptosis (22) . To determine whether caspase-3/7 is activated after AJAP1 involvement, caspase-3/7 activity was measured by the Caspase-Glo 3/7 functional assay. In this study, results demonstrated a 34.1% increase (P<0.05) in U87 AJAP1 cells and 39.0% increase (P<0.05) in U251 AJAP1 cells, compared with vector cells (Fig. 4C) . Labeling of degraded DNA by TUNEL suggests apoptotic mechanisms. Distribution of apoptotic nuclei in U87 cell lines showed a tendency towards an accumulation of apoptotic cells in the AJAP1 overexpressed group compared with vector control (Fig. 4D) .
AJAP1 potentiates TMZ-induced cytotoxicity in GBM cells.
To investigate the consequence of AJAP1 expression on the sensitivity to TMZ-induced cytotoxicity, the levels of Bax and Bcl-2 were measured by western blot analysis in all treatment groups. In this study, a dramatic increase in Bax/Bcl-2 ratio was observed in U87 and U251 cells exposed to AJAP1 overexpressed plus TMZ, compared to control cells not exposed to AJAP1 overexpression (P<0.01) (Fig. 5A) . In AJAP1 overexpressed cells treated with TMZ, the caspase-3/7 activity was found dramatically increased compared with control group in U87 cells (68.5%, P<0.01) and U251 cells (88.9%, P<0.01) (Fig. 5B and C) . TUNEL labeling showed that the U87 AJAP1 cells contain significantly more apoptotic nuclei 48 h after TMZ treatment compared with control group (36.7%, P<0.01) (Fig. 5D and E) . Moreover, U87 AJAP1 cells with TMZ treatment presented more typical morphological apoptotic changes, such as nuclear condensation, nuclear fragmentation and shrinkage of the cells (Fig. 5D ). Taken together, these results showed that AJAP1 sensitized U87 and U251 cells to TMZ, as demonstrated by cellular Bax/Bcl-2 ratio, caspase-3/7 activity and TUNEL labeling.
Discussion
The results summarized here strongly suggest that AJAP1 is a negative transcriptional regulator of MAGEA2, by possibly interacting with the promoter of MAGEA2 in GBM cells, resulting in downregulation of MAGEA2 expression by mRNA and protein analyses. AJAP1 was initially described as a novel component of adherens junctions in polarized epithelial cells, which co-localized and co-immunoprecipitated with endogenous E-cadherin (23) . Direct interaction between β-catenin and AJAP1 in an in vitro pull-down assay suggested that AJAP1 might be linked to the E-cadherin-mediated junctional complexes via β-catenin (24) . β-catenin contains armadillo repeats and is able to bind to other proteins such as transcription factors (25) . The ability of β-catenin to bind to other proteins is regulated by tyrosine kinases (26) and serine kinases such as GSK-3 (27) . Various signals such as the Wnt signaling pathway can inhibit GSK-3-mediated phosphorylation of β-catenin, (28) allowing β-catenin to translocate to the cell nucleus, interact with transcription factors and regulate gene transcription. We hypothesize that AJAP1 may be translocated to the nucleus, possibly via its interaction with β-catenin complexes, where it then can bind and inhibit MAGEA2 transcription. The in-depth mechanism of how AJAP1 regulates MAGEA2 needs further investigation.
We previously demonstrated the frequent loss of AJAP1 in glioblastoma cell lines and primary tumors with high-resolution genome-wide mapping (29) . AJAP1 is a putative tumor suppressor-like gene that maps to the 1p36 region, where alterations are commonly associated with cancer (4) and has been implicated in cancer cell invasion, adhesion and migration (6, (30) (31) (32) . This study explores its potential role in gene regulation and cytotoxicity. Using extensive microarray analyses, we identified genetic alterations that occur in the context of glioma cell AJAP1 expression. We found that MAGEA2 expression is significantly decreased when AJAP1 is expressed. MAGEA2 provides a potent anti-apoptotic function to cancer cells partly through downregulation of the p53 pathway (14) . Using in vitro approaches, we showed that AJAP1 expression produced proapoptotic results in glioma cells. Apoptosis is regulated by several protein families, including the upstream Bcl-2 family (i.e. the anti-apoptotic Bcl-2 and pro-apoptotic Bax) and the downstream caspase family (i.e. caspase-3/7) (33). Thus, we investigated the levels of expression of Bax and Bcl-2 proteins in U87 and U251 GBM cells following restoration of AJAP1. Glioma cells with restoration of AJAP1 increase the expression of Bax and decrease the expression of Bcl-2, which suggests a regulatory effect of AJAP1 in Bax/Bcl-2 ratios. Bcl2 is known to inhibit cytochrome c release from mitochondria, thus blocking caspase activation, while Bax has the opposite function, which in turn promotes the release of cytochrome c into the cytosol from mitochondria to activate caspase-3/7 (34). In our study, caspase-3/7 activity increased in the presence of AJAP1, compared with the vector control. These results indicated that AJAP1 could, at least in part, induce the mitochondria-related apoptosis pathways.
The resistance of GBM to standard of care chemotherapy (TMZ) may be more complex than simple dependence on MGMT levels (35, 36) . It is likely a multifactorial phenomenon involving several major mechanisms, such as increased repair of DNA damage, reduced apoptosis, ectopic microRNA expression and increased energy-dependent efflux of chemotherapeutic drugs (37) (38) (39) . Here, we show for the first time the enhancement of TMZ-induced apoptosis by AJAP1 in human glioma cell lines through MAGEA2 transcriptional regulation. Several studies have established that MAGE-A proteins confer resistance to chemotherapeutic drugs that act via p53-mediated apoptosis (15, 40, 41) . But the complete role of p53 in TMZ resistance is incompletely known. A trend toward increased TMZ sensitivity in patients with p53 mutations has also been suggested (39) . We hypothesize that overexpression of AJAP1 in GBM may represent an alternative mechanism, aside from p53, to activate a tumor suppressive-like function of the p53 pathway.
In summary, AJAP1 appears to play a role in inducing apoptosis by directly downregulating MAGEA2 in GBM. In addition, AJAP1 can potentiate the sensitivity of TMZ in GBM cells. Therefore, AJAP1 may serve as a candidate biomarker for chemotherapy in GBM, but also a putative therapy opportunity for GBM.
